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Abstract
Coherent WaveBurst (cWB) is a software tool designed for detection of a
broad range of gravitational-wave transients without prior knowledge of the
signal waveform. The algorithmic core of cWB is a time-frequency analysis
with the Wilson-Daubechies-Meyer wavelets aimed at the identification of
gravitational-wave events detected by networks of detectors. cWB has been
in active development since 2003 [1, 2] and it is used to analyze data collected
by the LIGO-Virgo detectors. On September 14, 2015 a low-latency cWB
search detected the first gravitational-wave event, GW150914, which is a
merger of two black holes [3]. A public open-source version of cWB has been
released with GPLv3 licence.
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1. Motivation and significance
Coherent WaveBurst (cWB)[1, 2, 4, 5, 6, 7] is a data analysis pipeline
for the detection and reconstruction of a wide range of gravitational-wave
(GW) signals with weak or no assumptions on the source model. cWB is
designed to cast the widest possible net for GW transients and extract their
properties such as bandwidth, duration, sky location, polarization state and
waveforms. cWB has been used for targeted searches for core-collapse super-
novae (CCSNe) [8, 9] – one of the next most anticipated GW sources. The
next CCSN in our Galaxy will be one of the most important astronomical
events of the century. Detection of gravitational waves from CCSN is one of
the higher priority tasks for GW detectors. Multimessenger observations of
the next Galactic CCSN in gravitational waves, photons and neutrinos will
revolutionize our understanding of core collapse dynamics, CCSN explosion
mechanisms, the role of neutrinos and the equation of state of nuclear matter.
In addition to detection of poorly modeled or unexpected GW sources,
cWB is also well suited for detection of compact binary coalescences (CBC).
CBC sources formed from combinations of neutron stars (NS) and black
holes (BH), are among the most efficient emitters of gravitational waves.
With the recent LIGO and Virgo discoveries of stellar mass BH-BH and
NS-NS systems, we are finally probing CBC populations [10]. Such systems
can be efficiently detected with matched filter algorithms using quasi-circular
and spin-aligned CBC templates. However, more recent theoretical work has
suggested that other formation mechanisms producing compact binaries in
a wide range of component masses, spins and eccentricities could also be
possible. Template banks covering the full range of the source parameters
are not readily available and some GW signals may be missed by the existing
matched filter searches. These GW signals can be detected with the cWB
algorithm, which is robust to a variety of CBC features including the higher
order modes, high mass ratios, misaligned spins, eccentric orbits and possible
deviations from the general relativity, that may create a mismatch between
the signal waveforms and simulated CBC templates. Such search has the
potential to discover new and possibly unexpected CBC populations [11].
cWB is designed to conduct GW searches both in real-time and on archival
data. The real-time search identifies and reconstructs event candidates with
the latency of a few minutes. The reconstructed sky location [12, 13] can
be promptly shared with the partner observatories [14], which search for co-
incident electromagnetic (EM) counterparts. The effectiveness of the cWB
real-time search was demonstrated on September 14, 2015 at 09:50:45 UTC,
when the low-latency instance of cWB detected and reconstructed a chirping
signal that was reported within three minutes of data acquisition [3]: that
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signal was later named GW150914, and it was the first direct detection of
gravitational waves and the first observation of a binary black hole merger
(see also Figure 1a).
2. Software description
The goal of cWB is to identify coincident transients in multiple detectors
with minimal assumptions about the signal morphology. First, the data are
conditioned with a regression algorithm [15] which identifies and removes
persistent lines and noise artifacts; then they are whitened and converted to
the time-frequency (TF) domain using the Wilson-Daubechies-Meyer wavelet
transform [16]. This analysis is repeated at several frequency resolutions to
obtain a good TF coverage for a broad range of signal morphologies. A can-
didate event is identified as a cluster of TF data samples with power above
the baseline detector noise (see Figure 1b). Finally the pipeline reconstructs
the signal waveforms, the wave polarization and the source sky location us-
ing a constrained maximum likelihood analysis over the multi-detector GW
network [5, 17, 18].
2.1. Software Architecture
Apart from its own algorithmic kernel, cWB makes important use of the
CERN ROOT data-analysis framework [19, 20]. ROOT classes are used
as building blocks mainly for data processing (e.g. I/O), data analysis
(e.g. post-production statistical analysis) and visualization. ROOT-derived
classes and cWB classes are accessible via the ROOT just-in-time interpreter
(CLING [21]) and can be used with a C++ interactive shell or within ROOT
C++ macros. The cWB pipeline also utilizes the Frame Library [22] to access
data frames (the standard format for LIGO/Virgo data). Generally, cWB is
built with support for skymap grids via HEALPix [23], for FITS I/O [24] and
for GW waveform simulations through the LALsuite library [25]. The code
for real-time analysis is written in Python and it imports functions from the
LALsuite library, as well as ligo-segments and ligo-gracedb functionalities.
2.2. Software Functionalities
The cWB pipeline is designed for GW searches on large data sets, there-
fore its core algorithms are implemented as highly optimized C++ classes to
achieve high computational efficiency with large throughput1. cWB is tasked
1For example, a background estimation for a two detector network with a coincidence
time of ≈ 8 days and amounting to 1000 years of analyzed time (i.e. repeating the analysis
≈ 5e4 times) may need ≈ 300 days of equivalent cpu-time on the Caltech computing
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with trigger production, waveform reconstruction and parameter estimation.
All this information can be collected on an event-by-event basis in a HTML
report called Coherent Event Display (CED) [27]. For each search, cWB also
carries out two additional tasks: Monte Carlo simulations to estimate the
search sensitivity and off-source search resampling (i.e. repeating the search
on time-shifted data) to build an empirical noise distribution for the back-
ground estimation. Just like CEDs, simulations and background estimates
are summarized in dedicated HTML pages. Given the large number of pos-
sible GW signals to test and the high level of significance required to claim
a detection, these calculations are computationally intensive.
All these functionalities are implemented as ROOT macros called by shell
scripts. The complete list of commands with their detailed description is
available in the online cWB manual [7]. The low-latency infrastructure makes
use of Python scripts which act as an interface between detector data and
the cWB analysis. In particular, the code checks whether new data are avail-
able at the detector sites and extracts the periods of analyzable time. The
pipeline selects interesting triggers on the basis of their empirically estimated
significance and eventually inserts them in the GraceDB catalogue [28] for
further follow-up.
The cWB pipeline is complemented by a set of user-selectable options
and by the possibility for the user to execute custom plugins which are C++
functions that can be called by the cWB pipeline at different stages of the
analysis. The plugins enable the customization of the pipeline and the ex-
traction of information relevant to monitor the data processing. In this way
the software can quickly adapt to the new needs that arise with the growing
theoretical and experimental understanding of the GW waveforms.
3. Illustrative Examples
The easiest way to test cWB functionalities is to install it as an ”im-
age” within a ”virtualized” environment: a cWB image is available both for
VirtualBox 2 and Docker 3.
Assuming a properly configured system with either a VirtualBox and/or a
Docker Community Edition working installation, full instructions on how to
get the latest cWB images and run cWB are given in the cWB User Manual
FAQs [7].However, for a quick start, it is sufficient to pull the latest cWB
cluster[26]. When parallelized over ≈ 1000 computing nodes, this estimate takes roughly
one third of a day to complete
2https://www.virtualbox.org/wiki
3https://www.docker.com/docker-community
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docker image from the gitlab repository (≈ 1 GB compressed, ≈ 3 GB on
disk),
docker pull registry.gitlab.com/gwburst/public/cwb docker:latest
and then run an interactive shell with the full cWB environment:
docker run -it registry.gitlab.com/gwburst/public/cwb docker:latest
Since cWB output can be directly visualized as an HTML report, it is
quite useful to start the cWB docker interactive shell with a display (e.g., for
Linux systems, by adding the "-e DISPLAY=$DISPLAY -v /tmp/.X11-unix:/
tmp/.X11-unix" options).
3.1. Running cWB: the GW150914 example
Here we describe how to perform cWB event reconstruction on the GW
events from the Gravitational-Wave Transient Catalog of Compact Binary
Mergers Observed by LIGO and Virgo during the First and Second Observing
Runs [10] and, more precisely, on the first detection, i.e. GW150914. For this
example, we use the command cwb gwosc4, i.e. the cWB interface to the GW
data available from the Gravitational Wave Open Science Center (GWOSC)
[29], which include the original raw data, the power spectral densities (PSDs),
and the parameter-estimation (PE) posteriors samples for all GW detections.
3.1.1. cWB reconstruction on GW data
From within the docker cWB interactive shell, the command line to exe-
cute the full analysis of the GW150914 event is:
cwb gwosc GW=GW150914 all
this call executes the full CED pipeline for the GW150914 event (i.e.,
it downloads GW data from GWOSC, sets up a working directory with all
default settings, runs the analysis5 and finally produces a web report with
4For more details, please refer to the documentation page, https://gwburst.gitlab.
io/documentation/latest/html/commands/cwb_gwosc.html#cwb-gwosc, or, on cWB
interactive shell, to the man page (i.e. man cwb gwosc).
5Execution time is ≈ 2 minutes on a commercial Intel i7 CPU laptop (≈ +10% on
docker), excluding the initial GW data download.
5
a detailed description of cWB event reconstruction6). In Figure 1, we re-
port the spectrogram of Hanford data around GW150914 (a) and the cWB-
reconstructed event as a multi-resolution cluster of TF pixels (b).
(a) (b)
Figure 1: The spectrogram of Hanford data around GW150914 (a) and cWB waveform
reconstruction of GW150914 in form of color-coded TF map of the signal likelihood on
the GW network (b).
3.1.2. cWB reconstruction on simulated data
The cwb gwosc command can also be used in simulation mode7 to produce
a fake data-set and a fake signal both resembling the original GW data and to
reconstruct it. From within the docker cWB interactive shell, the command
line to execute the simulation analysis for GW150914 event is8:
cwb gwosc GW=GW150914 SIM=true all
This instruction downloads from GWOSC the PSDs and the PE posterior
samples for GW150914. Next, the PSDs are used to simulate a stationary
colored Gaussian noise and a random PE sample waveform is added to the
data. Finally, cWB runs as in the previous example and reports the results
on a CED9. With this simulation we can compare injected and reconstructed
waveforms, in both time and frequency domain, as shown in Figure 2.
6https://gwburst.gitlab.io/info/gw150914_ced_gwosc
7This feature has been added on the latest tagged version currently available, cWB-
6.3.1
8Execution time is ≈ 4 minutes on a commercial laptop, excluding the initial GW data
download.
9When starting the cWB docker interactive shell with a display, the CED report can
be visualized directly with cwb gwosc GW=GW150914 SIM=true xced.
6
(a) (b)
Figure 2: Comparison between injected and recovered GW150914-like signal on simulated
data. On the left, the random PE posterior sample for GW150914 time series which has
been added to simulated data for Hanford detector(grey) compared with cWB reconstruc-
tion (red); on the right, the same comparison performed in the frequency domain.
4. Impact
cWB can boost exceptional results, like the first detection of gravitational
waves from a merger of two black holes. Coherent WaveBurst was the first
LIGO algorithm to report the event with low latency. The results of the cWB
analysis were published in the GW150914 discovery paper [3]. The cWB con-
tribution has been acknowledged in the official description [30] of the 2017
Nobel prize in physics awarded to Rainer Weiss, Barry C. Barish and Kip S.
Thorne. Following the GW150814 detection, the cWB pipeline was used for
the analysis of the O1, O2 and O3 data and the publication of the scientific
results, such as the all-sky searches for burst signals targeting a wide class
of generic bursts[31, 32]. Dedicated cWB searches for the intermediate mass
black hole binaries were conducted, which set stringent limits approaching in-
teresting astrophysical rates [33, 34]. The cWB pipeline contributed also into
the detection and analysis of binary black hole events published in the LIGO-
Virgo Catalog and into the LIGO-Virgo electromagnetic follow-up program.
The broader impact of cWB has been highlighted by Prof. Yves Meyer, the
recipient of 2017 Abel Prize, who acknowledged the cWB wavelet analysis in
his prize lecture Detection of gravitational waves and time-frequency wavelets
at the University of Oslo on May 24, 2017 [35].
cWB has been released as open-source software, and its user base is not
confined to the LIGO/Virgo Collaboration but includes also other scientists
who work in the field of gravitational waves.
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5. Conclusions
The GW data analysis pipeline cWB is a powerful tool for the detection
and reconstruction of generic gravitational-wave (GW) transients. Among
its key functionalities, it is used for waveform reconstruction, Monte Carlo
simulations and for background estimation; it is highly adaptable and com-
putationally efficient.
In view of the planned upgrades in the GW observatories [36], it is rea-
sonable to expect large increases in the sensitivities of the interferometers,
with correspondingly larger event rates: cWB may play a key role in leading
to new breakthrough discoveries.
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